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HIGH PHOTOVOLTAGES IN CADMIUM SULFIDE FILMS
by Henry W, Brandhorst, Jr., Ferdinand L. Acampora, and Andrew E. Potter, Jr.

Lewis Research Center

SUMMARY

Films of cadmium sulfide (CdS) containing a thickness gradient were prepared which
exhibited larger-than-band-gap photovoltages. A necessary condition for the observation
of this effect was that the films have high resistances (~1011 ohm). The decay of the
photovoltage after removal of light and the effects of light intensity and temperature on

the photovoltage were studied and correlated with a theoretical model. This model is
based on the assumption that the voltages are due to a space charge created by a nonuni-

form distribution of trapped carriers. Trap depths obtained from the decay of the photo-
voltage showed the presence of traps at 0.08, 0. 14, 0.26, and 0. 41 electron volt. These
trap depths were consistent with the depths determined by other investigators using vari-
ous other methods of measurement. This agreement strongly supports the mechanism
proposed for the origin of larger-than-band-gap photovoltages.

INTRODUCTION

Oblique deposition of thin semiconductor films having high resistances has led to the
generation of photovoltages larger than the band gap. These high photovoltages have been
observed in films of a large number of semiconductor materials. Initial observation of
this effect was made by Starkiewicz, Sosnowski, and Simpson (ref. 1) on lead sulfide
films and was consequently confirmed by Berlaga and coworkers (refs. 2 and 3), Schwabe
(ref. 4), and Piwkowski (ref. 5). This effect was next observed in cadmium telluride
(refs. 6 to 13) and then in zinc sulfide (refs. 14 to 19). Finally, in the last few years,
high photovoltages were reported for antimony and bismuth chalcogenides (refs. 10, 20,
and 21), germanium (refs. 22 to 25), silicon (refs. 22, 26, and 27), silicon carbide
(ref. 26), and gallium arsenide (ref. 28).

Early explanations of this effect were based on the concept of ''repetitive stacking
faults' or the additive effects of p-n junctions. Neither explanation satisfactorily ex-
plains the observed behavior of the photovoltage. A more satisfactory explanation has




been proposed (ref. 26) which ascribes the origin of these photovoltages to a space charge
created by a nonuniform distribution of trapped carriers.

In this research, high-resistance films of cadmium sulfide (CdS) showing larger-
than-band-gap photovoltages (i. e., >2.4 eV) were prepared. The effects of temperature
and light intensity on the photovoltage and the decay of the photovoltage after removal of
light were studied. In these films the photovoltage appeared to originate from a space
charge arising from trapped carriers.

EXPERIMENTAL DETAILS

5

The films were prepared by evaporation of CdS in a vacuum of about 10" torr.

Quartz plates 1% by 1% inches were arranged at an angle of about 45° to the vapor stream
at a distance of 17 centimeters from the source. The surface of the substrate was
cleaned by a glow discharge before deposition. The crucible temperature was maintained
between 900° and 1000° C, while substrate temperatures ranged between 280° and 370° C.
The deposition rate was varied between 5 and 50 A per minute, and the average film
thickness ranged from 100 to 2000 A. This technique yielded films that had a uniform
thickness gradient from one side to the other and resistances between 1010 and 1011
ohms.

The films consisted of highly oriented hexagonal CdS. Electron diffraction studies
showed the presence of large crystallites oriented with the c-axis perpendicular to the
substrate. X-ray powder patterns yielded no trace of cubic CdS; hence, an upper limit
of 1 percent can be set for the cubic phase.

Electrical measurements were made with the apparatus described previously
(ref. 26). Briefly, it consisted of a vacuum enclosure with provisions for heating and
cooling. Contact to the film was made through spring bronze- or indium-edged clips.

The contact material had no appreciable effect on the measurement. Voltages were mea-
sured with an electrometer voltmeter which operated a voltage-time recorder. The full
intensity, IO, of the light reaching the sample was approximately 0. 15 watt per square
centimeter of light from a 2750° K tungsten filament. Wire screens were used to atten-
uate the light beam for intensity measurements.

RESULTS

Reproducible fabrication of high-voltage films proved difficult. Only two films hav-
ing exceptionally high voltages were prepared - one having a voltage of 17 volts, and the
other, 12 volts at room temperature. The majority of the films showed voltages less
than 1 volt at room temperature. However, at sufficiently low temperatures, most of the
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Figure 1. - Spectral response of photovoltage. Film, 1.
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Figure 2. - Variation of photovoltage with light intensity.
Film, 1; temperature, 27° C; initial light intensity, 0.15
watt per square centimeter.

films exhibited a larger-than-band-gap
photovoltage, which indicated a common
origin for the voltages in all the films.
Since the behavior of all the films was
the same with respect to temperature,
voltage decay, and other parameters,
there appeared to be no reason to distin-
guish between the expectionally high vol-
tage films and others, insofar as the
origin or explanation of the photovoltage
is concerned.

Spectral Response of Films

The spectral response of the photo-
voltage of one of the CdS films is shown
in figure 1. The response peaks at 0.5
micron, which corresponds roughly to
the band gap of CdS. However, the re-
sponse extends out to 0. 8 micron, where
the energy is much less than the band-
gap energy. This must be due to impu-
rity centers which can be ionized by
light of an energy less than the band gap.

Effect of Light Intensity on Photovoltage

Figure 2 shows the effect of light in-
tensity on the photovoltage for a film at
room temperature. The variation of
photovoltage with intensity was approxi-
mately linear at low light intensities.
However, above I/I0 = 0.3 (where I is
the attenuated intensity) the photovoltage
deviated from linearity and became less
than expected from a purely linear vari-
ation.
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Figure 3. - Temperature dependence of photovoltage.

Effect of Temperature on Photovoltage

Logarithmic plots of the photovoltage against reciprocal temperature for two CdS
films are shown in figure 3. Above room temperature the curve is approximately linear.
As the temperature decreases below room temperature, the photovoltage increases to a
maximum value at -40° to -50° C and then decreases with further temperature decrease.
Similar behavior was observed for silicon films (ref. 26).

Kinetics of Photovoltage

In the case of silicon and silicon carbide films, the photovoltage exhibited a simple
exponential decay after the light was removed (ref. 26). Figure 4 shows a typical decay
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Figure 4. - Decay of photovoltage. Film, 1; temperature, 3° C.

curve for a CdS film. Instead of the linear semilogarithmic dependence of voltage on
time expected for simple exponential decay, the plot is curved at short times and becomes
linear only at long times. Analysis of the decay curves for CdS films showed that they
could be accurately represented as the sum of two or three exponentials. Thus at all
temperatures, the decay curve of voltage V as a function of time t could be represented
as follows:

v j=2
— = Z C. exp(-K.t) (1)
v, & )

0 j=1

where V0 is the equilibrium photovoltage, and C. and K. are constants.
The decay curve shown in figure 4 can be resolved into two components as shown.
Decay curves were measured for two films at a number of temperatures, and each curve



was fitted to equation (1) to obtain the constants Kj'

Effect of Ambient Atmosphere on Photovoitage

Some degradation of the photovoltage was observed if the films were allowed to stand
in air. If a film in this degraded condition was immediately measured in vacuum, the
kinetics of the decay were very complicated. After standing for a few hours in vacuum,
the photovoltage returned to its original value and the decay kinetics simplified to the
form described previously.

THEORETICAL DISCUSSION

The experimental results obtained with cadmium sulfide films are similar to those
previously reported for silicon and silicon carbide films (ref. 26) with the exception of
the decay of the photovoltage for which a complex, rather than a simple, exponential de-
cay law was observed. Because no cubic phase was observed in the films, repetitive
stacking faults do not contribute significantly to the photovoltage. It is reasonable to at-
tempt explanation of these results in terms of a trap-induced space charge, as was done
previously for the silicon and silicon carbide films (ref. 26). In cadmium sulfide the sit-
uation is complicated by the presence of many trapping levels (refs. 29 and 30). Conse-
quently, the theory developed previously for a single trap must be extended to the case of
multiple traps. Cadmium sulfide is normally n-type, as it was in this research. The
large (2.4 €V) band gap allows the observation of deep electron traps (e.g., 0.8 eV), even
in n-type material, since the Fermi level may lie as much as 1. 2 electron volts below the
conduction band edge. Almost all phenomena reported as arising from traps in cadmium
sulfide are attributed to electron rather than hole traps. This is assumed to be the case
for the films of this research, and only electron traps in n-type material are considered.

Trap-Induced Photovoltage With Multiple Traps

From previous work (ref. 26), the voltage produced by a nonuniform distribution of
trapped electrons in an n-type film is given by

_ D
vy

¥=Yo
2
. | (2)
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where D is the diffusion coefficient, u is the mobility of the carriers (assumed equal
for holes and electrons for mathematical simplicity), n, is the equilibrium electron con-
centration, ) is the concentration of trapped t electrons produced by light ¢, and

y=y

[nt Q] 0 is the difference between the trapped eleciron concentirations at points Y=Y,
H y=0

and y =0 on the film. Point Yo is the position of one electrode on the film surface,

and point 0 is the position of the other electrode. Since D/p = kT/e, where k is

Boltzman's constant and T is the absolute temperature, equation (2) may be simplified

to read

V:ET_‘[ , (3)

]y=yO
eno
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Adirovich, Rubinov, and Yuabov (ref. 31) have shown that this equation, as originally de-
rived, is limited to voltages less than the band gap. This is a result of the assumption
that the distribution of trapped carriers with distance y in the film is given by the quad-
ratic expression n =a+ by + cyz. However, when the distribution of trapped carriers
is assumed to be given by the exponential n, = A exp By, the photovoltage is not limited
to the band gap.

For this distribution, the solution to equation (13) of reference 26 yields for the
voltage

y=y
ve_ 1 | 0 (4)

2 [ BLly=0

eny €B ¥=

kT 4e

This result is the same as before except for the appearance of an additional constant term
eBz/ 4e. By variation of B, the photovoltage can be made arbitrarily large and is not
limited by the band gap of the material.

For multiple trapping levels, the total concentration of trapped electrons is the sum
of the contributions from each of the trap levels. When the expression for the trapped
carrier concentration developed in reference 26 is used, the total concentration of trapped
electrons nt,Q is given by



. (5)
AEi
Nc + nc,ﬂ exp E-
i=1

where m is the total number of trapping levels, n

e 0 is the density of electrons in the
conduction band c caused by illumination, Ny

is the density of the it? kind of trap,
AE i is the energy depth from the conduction band edge of the t

i*® trap, and N is the
total density of states.

The density of electrons in the conduction band under illumination will be

nc,ﬁ=nO+RT

(6)
where R is the rate of photon absorption and 7 is the carrier lifetime. Hence, from
equations (4), (5), and (6) the photovoltage is

- - y:y

i=m <AEi > 0
N, . exp
n, + Rt t, 1
V = _o__mz KT (7)

en AE.
_0_€B Nc+(n0+RT)exp—1
kT 4e =1 KT

| J y=0

At high temperatures and/or low light intensities, equation (7) simplifies to

= (8)

It is interesting to note that as a result of thermal production of electrons, a voltage can

exist even in the absence of light, if the trap concentration at y = 0 differs from that at
Y=Yy

At low temperatures and/or high light intensities, equation (7) simplifies to



i=m y=y
ve_1 [ N, i] 0 ®
en 2 ’
0 eB i=1 =0

kT 4e

Observation of the decay of the photovoltage after the light is turned off is a partic-
ularly informative experiment. If negligible retrapping occurs and trapped carriers are
lost by each trap level according to a simple exponential decay law, the total concentra-
tion of trapped electrons nt, 0 in the film will decay after illumination is stopped accord-
ing to the equation (ref. 32)

i=
ng g = f n?’!Z iexp(—Pit) (10)
i=1

Combining equations (4) and (10) gives for the decay of the photovoltage

i=m

0 Y=Y
_ "t 0,1
V=V, = exp(—Pit) 1)
nt, [ y=
i=1

where V0 is the equilibrium photovoltage, n? 0 is the total density of trapped carriers
under illumination (both obtained from egs. (45 and (10) at time t = 0), n? 0. i 18 the den-
sity of carrier in the ith trap under illumination, and Pi is the probabilii,:y ‘that an elec-
tron will escape from the ith trap.

Comparison of Theory and Experiment

Effect of light intensity on photovoltage. - Equation (8) indicates that, at low light

intensities, the photovoltage should vary linearly with light intensity. Reference to the
experimental results in figure 2 (p. 3) shows that this is the case below I/I0 = 0. 3.
Above I/I0 = 0. 3, the photovoltage does not increase with light intensity as rapidly as a
linear rate. This is probably the beginning of saturation of the traps, since equation (9)
shows that the voltage will reach a constant value at sufficiently high light intensities when
the traps are all filled.

Effect of temperature on photovoltage. - Equation (8) shows that at high tempera-
tures, the photovoltage should vary with the temperature as the sum of several exponen-
tial terms; therefore, a semilogarithmic plot of voltage against reciprocal temperature




should, in general, be curved. However, it is possible that straight sections will occur
in temperature ranges where only one trapping level predominates either because of the
depth or the trap concentration or both. The experimental results (fig. 3) show this to
occur, with an approximately linear portion between 0° and 50° C. Since only one trap-
ping level contributes to the photovoltage in this region, equation (8), for a single trap,
shows that the energy depth of the trap can be calculated from the slope. This was done,
with the result that the trap depth for film 2 was 0.29 electron volt and that for film 1 was
0. 30 electron volt.

At lower temperatures, the photovoltages reach a maximum and then decrease with
further temperature decreases. Presumably, this behavior is the result of saturation of
the traps; equation (9) shows that the voltage will reach some constant value when all
traps are filled. There is no reason to expect this constant value to be larger than the
value at room temperature, since it depends on the details of the trap distribution.

Effect of ambient atmosphere on photovoltage. - Degradation of the photovoltage after
the film stands in air can be expected from equation (8) because the ambient atmosphere
changes the surface recombination velocity and thus alters the carrier lifetime. The
complex decay is expected because the various surface states created by this adsorption
act as additional trapping centers. It has been shown by Reed and Scott (ref. 33) that
oxygen is the active component in air which degrades the photoresponse of CdS crystals
by producing two surface states. These surface states increase the surface recombina-
tion velocity and thus lower the lifetime.

Kinetics of photovoltage decay. - As discussed previously, the decay of the voltage
after the light was removed could be represented by a sum of two or more exponentials.
Comparison of the experimental equation (1) with the theoretical equation (11) shows
that the experimental decay constants K. should equal the escape probability P of an
electron from the 1th trap. If this is assumed to be the case, the identity of K. W1th P,
can be used to determine the energy depth AE of the i th trap, since (ref. 32)

B (12)
P.=NvS, . exp 1
i c 't i KT

where v is the thermal velocity of electrons and S i is the capture cross section of
the traps. Thus, semilogarithmic plots of K] agamst 1/T should be straight lines with
slopes of —AEi/k.

The decay constants K. were calculated from equation (1) and the experimental de-
cay curves at various temperatures. As predicted, plots of In K]. against 1/T were
straight lines. Experimental data for film 1 are shown in figure 5. Reciprocal decay
constants (analogous to lifetimes) were plotted in figure 5 so that positive slopes were ob-
tained. For this film, three different lines were obtained, which suggests the presence

10
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Figure 5. - Determination of trap depth from temperature de-
pendence of decay constant, Fitm, 1.
of at least three distinct and different trapping levels. Trap depths were calculated from
the slopes of these curves, and the results for two films are summarized in table I. In
general, both films exhibited the same trapping levels.

The 0. 08-electron-volt curve was difficult to resolve in the presence of the other
curves around room temperature. Only at low temperatures, where the decay time be-
came quite long, could meaningful data be obtained. Therefore, it appears that the 0. 08-
electron-volt traps are present in a low concentration relative to those at 0.26 and 0. 41
electron volt or the capture cross sections are quite different. There was also evidence
of traps whose depth was greater than 0. 41 electron volt, as indicated by a long-lived
tail on the decay curve, but the traps could not be accurately resolved. Attempts at re-
solving this component by going to higher temperatures were not successful because the
photovoltage decreased so rapidly in this region that noise obscured the data.

Trap Depths Determined by Other Techniques

Because the theory upon which equation (11) is based was derived from the assump-
tion that the photovoltage was produced from a space charge created by a nonuniform dis-
tribution of trapped carriers, it was of interest to compare the trap depths obtained in
this study with depths determined by other techniques.

11



Nicholas and Woods (ref. 29) have summarized the trap depths in CdS obtained by
several authors. They have established the existence of six discrete sets of traps at
depths of 0.05, 0.14, 0.25, 0.41, 0.63, and 0. 83 electron volt. Two additional traps at
0.33 and 0. 51 electron volt have also been reported (ref. 29) but were not identified in the
work of Nicholas and Woods.

In a second paper (ref. 30), Woods and Nicholas attempted to identify the nature of the
crystal defects responsible for the trapping centers in CdS. The0. 05-, 0. 14-, and0. 25-
electron-volt traps were observed most frequently in cadmium-rich crystals and have
been assigned to various types of sulfur vacancies. The 0. 63-electron-volt center was
observed only in sulfur-rich crystals, while the 0.41- and 0. 83-electron-volt centers
usually cccurred together and were found in both sulfur-rich and cadmium-rich crystals.
These latter traps were thought to be complexes of associated cadmium and sulfur va-
cancies in nearest neighbor sites. Trapping centers observed in the present study are

consistent with those found previously in

TABLE II. - COMPARISON OF TRAP DEPTHS cadmium-rich material. The center at

0. 83 electron volt could not be resolved

because of the long decay time involved.
Present work | Nicholas and Woods? | Biiget and Wrightb Biiget and Wright (ref. 34) have also
) found traps at similar depths. From the
Hall effect, conductivity, and space-
0.08 0.05 o charge-limited current measurements

IN CADMIUM SULFIDE

Trap depth, AE, eV

.14 .14 0.16 N
96 95 24 they indicate levels at 0. 16, 0.24, 0. 45,
.41 .41 .45 0.63, and 0. 82 electron volt.
---- .63 - 63 The trap depths obtained by these
-— . 83 .82

= . authors are summarized in table II and
bg::: :Z: compared to the present work. The good
agreement between the trap depths de-
termined independently by a variety of authors and methods and the depths determined
from the analysis of the decay of these larger-than-band-gap photovoltages appears to
confirm the mechanism proposed for these voltages. It is probable that the larger-than-
band-gap photovoltages observed in other materials also originate from trapped carriers.

SUMMARY OF RESULTS

Films of cadmium sulfide containing a thickness gradient were prepared which ex-
hibited larger-than-band-gap photovoltages. The decay of the photovoltage after removal
of light and the effect of light intensity and temperature on the photovoltage were studied.
These results were correlated with a model based on the assumption that these voltages

12
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are due to a space charge created by a nonuniform distribution of electrons trapped at
several levels. Analysis of the decay of the photovoltage showed the presence of trapping
levels at 0.08, 0.14, 0.26, and 0. 41 electron voli. These same levels have also been
observed in cadmium sulfide by other investigators using various methods of measure-
ment. Agreement of trap depths from the decay of the photovoltage with trap depths de-
termined by other methods strongly supports the mechanism proposed for the origin of
this effect.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, February 18, 1966.
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